Excessive ammonia (NH 3 ) emitted from nitrogen (N) fertilizer applications in global croplands plays an important role in atmospheric aerosol production, resulting in visibility reduction and regional haze. However, large uncertainty exists in the estimates of NH 3 emissions from global and regional croplands, which utilize different data and methods. In this study, we have coupled a process-based Dynamic Land India, has accounted for more than 50% of total global NH 3 emissions since the 1980s, followed by North America and Europe. Rice cultivation has been the largest contributor to total global NH 3 emissions since the 1990s, followed by corn and wheat. In addition, results show that empirical methods without considering environmental factors (constant emission factor in the IPCC Tier 1 guideline) could underestimate NH 3 emissions in context of climate change, with the highest difference (i.e., 6.9 Tg N/year) occurring in 2010. This study provides a robust estimate on global and regional NH 3 emissions over the past 50 years, which offers a reference for assessing air quality consequences of future nitrogen enrichment as well as nitrogen use efficiency improvement.
least twice the rate of naturally created terrestrial N in 2010 (Ciais et al., 2014) . These excess reactive N compounds in terrestrial ecosystems play a role in the emission of N-containing gases, including oxides of nitrogen (N 2 O and NO x ), and NH 3 (Tian et al., 2016) .
The high output of these N-containing gases remains a matter of great concern to human and environmental health (Behera, Betha, & Balasubramanian, 2013) .
Agricultural activities account for approximately 80%-90% of total anthropogenic NH 3 emissions (Bouwman et al., 1997; Zhang et al., 2010 ). There are two major sources for NH 3 emissions:
volatilization from livestock manure and mineral fertilizer application (Asman, Sutton, & Schjørring, 1998; Bouwman et al., 1997) . A large amount of NH 3 from synthetic N fertilizer is emitted to the atmosphere while short-distance transport can return it to the land by wet or dry deposition (Asman et al., 1998) . With substantial increases in manure production and chemical N fertilizer consumption, deposition of reactive N has increased across many regions of the globe. For example, the average atmospheric N deposition in this century was twenty-fold higher than that in the preindustrial period (Dentener, 2006) . This increased N deposition has contributed to eutrophication, acidification, and loss of biodiversity in the global ecosystem (Erisman et al., 2008) . Moreover, NH 3 is one of the key precursors for aerosol (PM 2.5 ) formation in the atmosphere that could adversely affect respiratory and cardiovascular systems and contribute to visibility reduction and regional haze (Pinder, Adams, & Pandis, 2007; Seinfeld & Pandis, 1998) . For these reasons, a robust understanding of the magnitude and spatiotemporal patterns of global NH 3 emissions from agricultural activities is essential.
This study mainly focused on NH 3 emissions from synthetic N fertilizer application. Mineral N fertilizer contributed 10%-15% of the total estimated NH 3 emissions Tg N annually) from terrestrial ecosystems at the end of the last century (Matthews, 1994) . Bouwman et al. (1997) estimated global NH 3 emissions in 1990 as 54 Tg N/year with synthetic N fertilizer application accounting for 16.7% (9 Tg N/year). This estimate was comparable to the 8.5 Tg N/year of Schlesinger and Hartley (1992) . Riddick et al. (2016) Numerous efforts have been made to determine EFs for NH 3 emissions at the regional scale (e.g., Europe, United States, and China).
However, robust estimations at the global scale and on crop-specific NH 3 emissions globally over historical time series are lacking. Moreover, large uncertainties still exist for monthly and annual NH 3 emission estimates in previous studies (Riddick et al., 2016; Xu et al., 2016; Zhou et al., 2016) . The most widely applied EF of 10% was reported in the Intergovernmental Panel on Climate Change (IPCC) Tier 1 guidelines. Other studies provided global mean EFs ranging from 14% to 21% (Beusen, Bouwman, Heuberger, Drecht, & Hoek, 2008; Bouwman, Boumans, & Batjes, 2002; FAO & IFA report, 2001 ). However, these studies based on constant EFs were 1-year estimates that did not consider how NH 3 emissions respond to climate change and variability.
Process-based models are another popular approach for estimating NH 3 emissions. For instance, the bidirectional NH 3 exchange module has been incorporated into the US Environmental Protection Agency's (EPA) Community Multiscale Air-Quality model (CMAQ, Byun & Schere, 2006) and coupled with the United States Department of Agriculture's (USDA) Environmental Policy Integrated Climate (EPIC) agroecosystem model (Bash, Cooter, Dennis, Walker, & Pleim, 2013; Massad, Nemitz, & Sutton, 2010; Nemitz, Sutton, Schjoerring, Husted, & Wyers, 2000) to estimate seasonal and annual NH 3 emissions from synthetic N fertilizer applications. The Flow of Agricultural Nitrogen (FAN) process model has been combined within the Community Land Model 4.5 to compute the reactive N flows and NH 3 emissions (Riddick et al., 2016) . Our previous study incorporated the bidirectional NH 3 exchange module in CMAQ within the Dynamic Land Ecosystem Model (DLEM, Tian et al., 2011; DLEM-Bi-NH 3 ) and applied this model to estimate NH 3 emissions from Asian agricultural systems for 1961-2014 (Xu et al., 2018) .
The current study applied the DLEM-Bi-NH 3 module to estimate 
| MATERIALS AND METHODS

| General description of the DLEM
The DLEM is a highly integrated process-based ecosystem model that makes daily, spatially-explicit estimates of carbon, nitrogen, and water fluxes and pool sizes within both natural and human-dominant ecosystems, and also simulates the exchanges of major greenhouse gases (GHGs) between terrestrial ecosystems and the atmosphere at site, regional, and global scales . This is The land use and disturbance component simulates the impacts of natural and human disturbances on water and nutrient fluxes and storages in the land biosphere. Daily crop growth and trace gas exchanges between agroecosystems and the atmosphere are also simulated in the agricultural module of DLEM (DLEM-AG). The model is also capable of estimating crop productivity (net primary production) and yield. Detailed descriptions of DLEM-AG can be found in Ren et al. (2011) and Tian et al. (2012a Tian et al. ( , 2015 .
Greenhouse gas emissions estimated by DLEM have been validated against field observations and measurements at various sites in the historical period (Lu & Tian, 2013; Tian et al., 2010 Tian et al., , 2011 Xu et al., 2017) . The DLEM has also been used to predict GHG emissions, carbon and nutrient fluxes, and global net primary production driven by climate data obtained from several General Circulation Models for the period 2011-2099 (Pan et al., 2014; Ren et al., 2015; Tian, Lu, Chen, et al., 2012b) . Simulated results of water, carbon, and nutrients fluxes and storages derived from DLEM were also compared with estimates from various approaches at regional, continental, and global scales Yang et al., 2015) . These previous efforts demonstrate that DLEM can accurately simulate the biogeochemical cycles in soils at various spatiotemporal scales.
| Description of the DLEM-Bi-NH 3 module
In the DLEM, NH 4 + inputs (e.g., synthetic N fertilizer) to soils are subjected to NH 3 volatilization, plant and microbial uptake, nitrifica- Tian et al. (2015) and Xu et al. (2018) . The NH 3 volatilization process described in the DLEMBi-NH 3 module can affect crop growth as well as other N-involving processes within agricultural soils in the DLEM after synthetic N fertilizer was applied (see Supporting Information Appendix S1).
In the DLEM-Bi-NH 3 module, the overall emission flux of NH 3 (F emis ) varies daily after synthetic N fertilizer was applied to soils and is calculated as follows: Xu et al. (2018) ).
In this study, we considered 10 crop types including rice, corn, wheat, soybean, cotton, millet, sorghum, groundnuts, barley, and rapeseed globally. In addition, we included different crop rotation systems (e.g., rice-wheat, rice-rice, corn-wheat, and soybean-wheat).
Fertilizer timings were determined based on previous literature (see Supporting Information Appendix S1 in Xu et al. (2018) and Supporting Information Appendix S2 and Table S1 of this study). While using the DLEM-Bi-NH 3 module, fertilizer application mainly consisted of adding NH 4 + and was independent of fertilizer types. The pH value of soil after N fertilizer application was taken as 7.5 (Massad et al., 2010) . Fertilizer application methods (e.g., basal or topdressing) were not considered in this study. We assumed fertilizer remains at the surface layer (top 5 cm) when applied to soils (Massad et al., 2010) .
In reality, emissions are sensitive to fertilizer types (e.g., Yan, Akimoto, & Ohara, 2003; Zhou et al., 2016) , pH value (e.g., Sommer & Olesen, 1991) , and specific agricultural practices (e.g., Fu et al., 2015; Ju et al., 2009; Zhou et al., 2016) . It is very likely that these factors might reduce NH 3 emission estimates.
| Input data description
Input datasets Half-degree daily climate data (e.g., average, maximum, minimum air temperature, precipitation, relative humidity, and shortwave radiation) were derived from CRUNCEP climate forcing data (Wei et al., 2013 
| Model simulation experiments and implementation
Six simulation experiments were conducted to achieve our objec- Figure S2 ). (1901 -1930 ) Averaged (1901 -1930 ) 1900 1900 1900 S1 CRUNCEP Averaged (1901 -1930 ) Averaged (1901 -1930 ) 1901 1901 1901 S2 CRUNCEP 1901 Averaged (1901 -1930 ) 1901 1901 1901 S3 CRUNCEP 1901 1901 1901 1901 1901 S4 WFDEI.GPCC 1901 1901 1901 1901 1901 S5 GSWP3 1901 1901 1901 1901 1901 
| Crop-specific NH 3 emissions
From a crop-type perspective, we identified four major global crops (rice, corn, wheat, and soybean) and estimated NH 3 emissions from these crops due to synthetic N fertilizer application during 1961- 
| Comparisons with the estimate by the IPCC Tier 1 guideline methodology
The IPCC Tier 1 guideline methodology used a constant EF of 10%
to estimate global NH 3 emissions from synthetic N fertilizer use; that is, emissions are equal to 10% of annual applied fertilizer amounts.
Herein, global NH 3 emission from synthetic N fertilizer use was estimated to be 1.0 and 9.9 Tg N/year in 1961 and 2010, respectively, based on the EF proposed in the IPCC Tier 1 guideline methodology.
In contrast, the simulated results from the DLEM in both years were nearly two times higher than the IPCC EF estimates (Supporting Information Figure S2 ). The spatial patterns of EF-based results dif- Table 2 ). In comparison, the DLEM-simulated mean EF was 17.6%, which is slightly lower than their simulation (EF: 19%) in 2000. Although both studies are based on model simulations, our estimates are different for two major reasons: (a) model structures and parameters in both studies differed significantly; and (b) input datasets and fertilization timings were from various sources. For example, total synthetic N inputs and spatial patterns in our study were generated by Lu and Tian (2017) , while Riddick et al. (2016) determined synthetic fertilizer application rates based on data provided by Potter, Ramankutty, Bennett, and Donner (2010) . The estimated global NH 3 emission from synthetic N fertilizer was~9 Tg N/ year in 1995 based on the EF calculated by Bouwman et al. (2002) , which was 27% lower than our estimate (12.4 Tg N/year; Table 2 ).
Consequently, the estimated EF in Bouwman et al. (2002) was lower than the EF in our study for the same year. Differences between these studies were due to the synthetic N fertilizer dataset and estimate methodology. Generally, process-based model estimates of this study and previous estimate by Riddick et al. (2016) are higher than EF-based estimates (Table 2) .
At the country scale, several studies have estimated NH 3 emissions from warm regions (e.g., China, India, and United States) using In most years, precipitation had a negative impact on increasing annual emissions to a small extent. This highlights the necessity to consider climate factors when estimating NH 3 emissions from agricultural soils.
Previous studies emphasized that NH 3 volatilization from N fertilizer application depends strongly on localized environmental factors; however, this impact has not been investigated at the global and regional scale, and on crop-specific emissions globally (Fu et al., 2015; Huang et al., 2012; Zhang, Luan, Chen, & Shao, 2011) . Agricultural systems are complex due to the combination of human management and climate effects. Thus, process-based models could be an effective approach to address NH 3 exchange processes (Sutton et al., 2013) . However, the EF used in the IPCC Tier 1 guideline was a constant value regardless of regional variations affected by environmental factors. Our study provides comprehensive comparisons of crop-specific NH 3 emissions from global croplands between a constant EF and process-based models at the global and regional scale. Results showed that differences between the two approaches increased from 1.0 to 6.9 Tg N/year during 1961-2010. The largest positive difference was found in regions with warmer climates and/ or with higher N fertilizer applications (e.g., southern Asia and North America; Figure 4 ). Negative differences were found in regions with dry or cold climates (e.g., northern Europe and western North America), which indicates that climate effects in these regions could limit NH 3 emissions. In our simulations, environmental factors (i.e., climate, soil properties, and cropland management strategies) were applied to simulate NH 3 emissions in each grid to better reflect NH 3 emission processes in real agricultural systems. Utilizing a constant EF without considering environmental factors could, to some extent, underestimate NH 3 emissions in the context of global warming. Similarly, Zhou et al. (2016) found that the estimated annual NH 3 emission in China using a nonlinear model was 40% greater than that derived from the IPCC Tier 1 guideline.
Crop-type scale comparisons demonstrated the importance of environmental impacts on NH 3 emissions. Our study provides evidence that NH 3 emissions were crop-type dependent and were dominated by location and N fertilizer requirements. Crops such as barley grown at high latitudes where temperatures were much lower than in the tropics contributed half of total emissions compared to calculations based on the IPCC EF. In our study, emissions from ricecultivated regions (primarily in East, South, and Southeast Asia) were two times higher than IPCC EF estimates and showed an increasing trend ( Figure 4 , Supporting Information Figure S6 ). Although not the largest receiver of global N fertilization in 2010 , rice was the top-ranking crop contributing to global NH 3 emissions, followed by corn and wheat. A possible explanation is that high temperature is the dominant factor that accelerates NH 3 emissions from rice cultivation. However, Bouwman et al. (2002) emissions during the historical period. Simulation results indicated that temperature was the dominant factor behind increased emissions ( Figure 5 ).
| Causes of intra-annual variations at regional scales
Intra-annual NH 3 emissions are highly correlated to dates and N fertilizer application amounts. Overall, rice, corn, and wheat received more than 50% of the world's synthetic N fertilizer (Heffer, 2013) and were the three major NH 3 emission sources that account for 65% of total emissions during 1961-2010 in this study. In Asia, the estimated NH 3 emissions were highest from summer (June to August), accounting for 56.6% of the annual emission. Higher summer emissions were associated with cultivation periods and N fertilizer application timings (see detailed description in Xu et al. (2018) Supporting Information Appendix S1). Rice cultivation areas in East, South, and Southeast Asia contributed 89% of the world total (Yan et al., 2003) . In this study, rice fields were the largest contributor to (Sacks, Deryng, Foley, & Ramankutty, 2010; USDA NASS, 2010) . We identified fertilizer timings according to field experiments, where N fertilizer was applied to corn and spring wheat at or before planting in spring, and the following March for winter wheat (Alluvione, Bertora, Zavattaro, & Grignani, 2010; Guy & Gareau, 1998; Kunzová & Hejcman, 2009; Lopez-Bellido, Lopez-Bellido, Benítez-Vega, & Lopez-Bellido, 2007) . For example, corn and wheat cultivations represented 47% and 13%, respectively, of total N fertilizer applied to all crops in the United States, and 13% and 29%, respectively, of total N fertilizer applied to all crops in European countries (Heffer, 2013) .
| Uncertainties and future work
Although other studies focused on regional and global estimates of However, uncertainties in this study should be associated with N fertilizer datasets, and timing of N fertilizer applications should be addressed in future work.
Ammonia volatilization from croplands is sourced from biological degradation of organic compounds and from synthetic and organic fertilizers yielding NH 4 + (Bouwman et al., 2002) . Thus, nitrogen fertilizer types can have significant impacts on NH 3 volatilization processes. As indicated in Nishina, Ito, Hanasaki, and Hayashi (2017) (Bash et al., 2013; Fu et al., 2015) . In future studies, identifying N fertilizer types and treating them as different N forms would be desirable since our assumption could overestimate global NH 3 emissions.
Timing of N fertilizer application can also be a major factor that controls NH 3 volatilization from soils. Pinder, Strader, Davidson, and Adams (2004) indicated that the greatest uncertainty in NH 3 missions is attributable to farming practices. In the DLEM, fertilizer was applied one to four times per year based on field experiments and literature review (Xu et al., 2018) . Except for China and North America, most regions had a one-time fertilizer application, which could introduce large uncertainties in global NH 3 emission estimates (Table S1 ). Furthermore, variation in N fertilizer application timing could affect monthly NH 3 emissions at regional scales. Xu et al. (2015) indicated higher NH 3 emissions in China during summer (June to August) and autumn (September to November) with a peak observed in July that was in agreement with findings of Zhang et al. (2011) . However, those results were inconsistent with the seasonal emission patterns reported by Fu et al. (2015) and Huang et al. (2012) . Fu et al. (2015) pointed out that difficulties capturing exact fertilization dates could cause the large discrepancy among studies on seasonal NH 3 estimates in China. Gilliland, Dennis, Roselle, and
Pierce (2003), Gilliland, Appel, Pinder, and Dennis (2006) investigated seasonal NH 3 emissions for the continental United States and found that emissions were highest in summer followed by spring since fertilizer application activity peaks during these seasons. Thus, since seasonal NH 3 emissions are heavily dependent on fertilizer application date, more information on fertilization timing from field operations is needed to minimize uncertainties.
This study provided evidence that climate change could significantly accelerate NH 3 emissions from agricultural systems. However, few studies have focused on NH 3 emissions under future conditions. Sutton et al. (2013) predicted that a 5°C warming could increase glo- | 323 due to warming. However, those studies did not consider other factors that could affect NH 3 emissions from soils when attempting to predict the responses of NH 3 emissions to global warming. In future work, a multi-factor environmental change framework is required to more accurately predict NH 3 emissions at global and regional scales.
